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Abstract 
Polymeric bioabsorbable tubes can be used as drug delivery systems and guides for cellular growth in peripheral nerve regeneration. In this 
study polycaprolactone/ibuprofen tubes manufactured by melt extrusion technique were investigated under different screw speeds and 
processing temperatures. To assess the structure and properties of PCL/ibuprofen tubes, analysis was performed using scanning electron 
microscopy, X-ray diffraction, infrared spectroscopy, flexural tests and dynamic mechanical analysis (DMA). The drug delivery profile was 
obtained by determining the in vitro release of ibuprofen. Tubes of PCL/ibuprofen were prepared by vertical extrusion. The average values for 
the diameter and wall thickness of the PCL/ibuprofen tubes were 1.5 mm and 250 µm, respectively. The crystallinity values for the 
PCL/ibuprofen tubes were lower than those for the pure PCL tubes, probably due to the interaction of the drug with the polymer chains. The 
value for the flexural modulus of the PCL/ibuprofen tubes increased with the processing temperature and screw speed, which is probably due to 
better drug dispersion at higher temperature and higher shear rates. The preparation of the tubes using faster screw speeds led to higher values 
being obtained for the storage modulus in the DMA, indicating that the shear rate also affects the mechanical properties. The PCL/ibuprofen 
tubes had lower glass transition temperatures compared with pure PCL tubes, also suggesting interaction between ibuprofen and the PCL 
matrix. The results suggest that the PCL/ibuprofen tubes prepared by vertical extrusion using a screw speed of 17 rpm and processing 
temperature of 140 oC were the most suitable for peripheral nerve regeneration offering appropriate dimensions and mechanical properties and 
an acceptable drug release profile. 
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1. Introduction 
Lesions of the peripheral nervous system are derived from 
crush injuries such as partial or complete nerve transection. It 
is well known that the peripheral nervous system has an 
intrinsic capacity to self-regeneration without surgical 
interference. However, this remarkable feature has proven 
effective only when the distance between the broken ends is 
less than 5 mm [1-5]. When the trauma exceeds this limit 
techniques to aid the recovery are required, such as the use of 
synthetic media, known as nerve guidance conduits, for the 
repair. The advantage of these systems is the possibility of 
joining the ends in cases where the distances are greater than 5 
mm, and also they allow the protection and guidance of the 
cell growth inside the tubes [6-8].  
Polycaprolactone (PCL) is considered to be a very 
favorable material for the development of tubular guides, due 
to its high processability by solvent or melting methods, 
mechanical properties such as flexibility and toughness, 
miscibility with a wide variety of chemical substances and 
biocompatibility [9-11]. PCL devices have been used in 
studies on nerve regeneration and growth. The majority of 
PCL devices are tubes manufactured by electrospun and 
solvent methods which limit the dimensional control and 
reproducibility and, thus, the possibility for industrial 
production [12-14]. Chiono et al. have used the extrusion 
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technique to obtaining PCL tubes and described the industrial 
applicability of this process to produce nerve guides [15]. 
The incorporation of PCL tubes into drug delivery system 
based on an anti-inflammatory molecule can improve the 
control of local acute and chronic inflammations during nerve 
regeneration. Nonsteroidal anti-inflammatory drugs, such as 
ibuprofen, can inhibit the enzyme cyclooxygenase blocking 
myelin fragments which negatively affects axonal 
regeneration after trauma, resulting in better regeneration of 
axons [16, 17].  
In this study, the structure and properties of 
polycaprolactone/ibuprofen tubes were investigated by 
infrared spectroscopy, X-ray diffraction, scanning electron 
microscopy, flexural tests, dynamic mechanical analysis and 
drug release analysis. The structure and properties were 





In this study the poly(ε-caprolactone) reference 440744 
(Sigma-Aldrich) was used. It was acquired in the form of 
pellets with 3 mm of diameter and average molecular weight 
(Mn) in the range of 70,000 to 90,000 g/mol determined by 
GPC technique. The polydispersity value was less than 2. The 
ibuprofen (IBP) was obtained from Pharmanostra (São Paulo, 
Brazil). The material has the appearance of a white crystalline 
powder with a density of 1.175 g/cm3. The ibuprofen melting 
temperature determined by DSC was 77.4 ºC. 
 
2.2 Melt extrusion process 
 
The extrusion equipment used was a mono-screw extruder 
Axplastic model LAB AX-14 with an L/D ratio of 20. The 
extruder was instrumented with an extrusion die for small 
diameter tubes with an outer diameter of 9.10 mm and inner 
diameter of 7.85 mm. The vertical extrusion process was 
carried out with the aid of an air flow passing through the 
extrusion die. Figure 1 shows a sketch of the extrusion system 
used in the preparation of the PCL/IBP tubes. Table 1 shows 
the processing conditions used in the fabrication of PCL/IBP 
tubes with 15% of ibuprofen content.   
 
 
Fig.1. Sketch of extrusion system. 
 
Table 1: Processing conditions used in the production of the PCL/IBP tubes. 
Factors Low Medium High 
Temperature (oC) 120 130 140 
Screw speed (rpm) 17 20 23 
 Drug content (%) 0 - 15 
 
 
2.3 Scanning electron microscopy (SEM) 
 
XL 30 Philips and JEOL JSM-6390LV scanning electronic 
microscopes were used in the microstructural analysis.  For 
the fracture analysis the samples were mechanically fractured 
in liquid nitrogen (cryogenic fracture). Prior to the analysis by 
SEM, all samples were coated with a thin layer of gold in a 
sputter diode D2 sputtering system. 
 
2.4 X-Ray diffraction and Fourier transform infrared 
analysis (FTIR) 
 
X-ray diffraction analysis was carried out on a Philips 
X’Pert diffractometer. The scan was obtained at 2θ = 5-40° 
directly from the surface of the sample tube positioned 
horizontally. The specimen crystallinity was determined by 
area measurement method [18]. Fourier transform infrared 
spectra of the polymers were obtained using a Frontier 
MIR/NIR Perkin-Elmer spectrophotometer in attenuated total 
reflectance (ATR) mode scanning from 4000 to 450 cm-1.  
 
2.5 Mechanical analysis 
 
A DMA Q800 analyzer (TA instruments) with a single 
cantilever clamp was used for the mechanical tests. A force 
rate of 2N/min from 0 to 18N was applied for quasi-static 
tests. Dynamic mechanic analysis (DMA) was conducted to 
provide the values for the storage (E’), loss modulus (E”) and 
tan delta (δ) at a frequency of 1 Hz within the temperature 
range of -80 to 80 ºC using heating rate of 3 ºC/min and strain 
of 0.3%. The fatigue test was performed applying an 
oscillatory displacement. The amplitude used was 750 µm for 
both directions, at a frequency of 1 Hz and 37 ºC, in order to 
simulate body temperature. The number of cycles until failure 
was obtained considering a strength reduction of 15%.   
 
2.6 Drug release test 
 
The specimens with known drug content and thickness 
were placed in sealed vials with 20 mL of phosphate buffer 
solution (pH = 7.4) and 0.01 M cetyltrimethyl ammonium 
bromide (to maintain sink solubilization conditions) [19-20]. 
The vials were shaken horizontally in a Dubnoff bath (Faalk, 
Brazil) maintained at a temperature of 37.0 ± 0.5 oC at a rate 
of 60 rev/min to minimize the boundary effect. Total buffer 
solutions were collected periodically at predetermined time 
intervals and, after suitable dilution with the buffer solution. 
After suitable dilution with the buffer solution, the total drug 
release was obtained against a predetermined calibration 
curve (five dilutions between 0.050–0.40 mg/mL) using a 
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UV-vis spectrophotometry at Omax of 269 nm, on a Hitachi 
2010 double-beam UV-visible spectrophotometer.  
 
3. Results and discussion 
Figure 2 shows the cryogenic fracture surfaces of the pure 
PCL and PCL/ibuprofen tubes. The measurement of the outer 
diameter and wall thickness for pure PCL and PCL/IBP tubes 
showed dimensions of 1.5 (± 0.2) mm and 250 (± 50) µm, 
respectively. The fracture surface morphologies of the pure 
PCL and PCL/IBP tubes showed similar characteristics. 
However, an increase in the apparent surface roughness was 






(a)                                                 (b)     
Fig. 2. Cryogenic fractures of pure PCL (a) and PCL/IBP tubes (b). 
 
 
The images in Figure 3 show the outer surfaces of the pure 
PCL and PCL/IBP tubes. The extruded tubes of pure PCL 
presented very low surface roughness (Figure 3a) while a 
significant variation in the surface roughness of the PCL/IBP 
tubes was observed as a function of the processing conditions. 
The PCL/ibuprofen tubes also had small particles and molten 
drug deposited over the surface (Figure 3b-e). The use of the 
EDX technique confirmed the presence of ibuprofen particles 
on the surface of the PCL/IBP tubes in the composition 
analysis of the PCL matrix and the particles (Figure 3f). 
Figure 4 shows the results of the X-ray diffraction analysis 
of the PCL/IBP and pure PCL tubes. The pure PCL 
diffractogram shows two peaks at 2θ 21.6 and 23.8. These 
peaks are indexed to the (110) and (200) planes of an 
orthorhombic crystalline structure [21, 22]. The 
diffractograms of the PCL/IBP tubes showed the same peaks 
at 2θ 21.6 and 23.8. 
The crystallinity values for the pure PCL and PCL/IBP 
tubes are shown in Table 2. It can be observed that the 
crystallinity values for the PCL/IBP tubes were lower than 
that for the pure PCL tube, probably due to interaction of the 
drug with the polymer chains. According to Pant [23] and 
collaborators, the occurrence of this phenomenon is verified 
by the interaction of components at the molecular level, which 
suggests the partial dissolution of ibuprofen in the PCL 
matrix. Higher processing temperatures caused a decrease in 
















Fig. 3. Surface scanning electronic micrographs of pure PCL (a) and 
PCL/ibuprofen tubes prepared applying the conditions 17rpm/120ºC (b),  
23rpm/120ºC (c),  17rpm/140ºC (d) and 23rpm/140ºC (e) and EDX analysis 










Fig. 4. Diffractograms of PCL/IBP tubes prepared under different conditions 
of screw speed and processing temperature: 17rpm/120 ºC (a), 23rpm/120 ºC 
(b), 17rpm/140 ºC (c), 23rpm/140 ºC (d), and pure PCL (e). 
Table 2: Crystallinity of pure PCL and PCL/IBP tubes prepared with different 
processing parameters. 
Samples Crystallinity (%) 
Pure PCL 38 
PCL/IBP 17rpm/120ºC  23 
PCL/IBP 23rpm/120ºC  24 
PCL/IBP 17rpm/140ºC 18 
PCL/IBP 23rpm/140ºC  22 
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Figure 5 shows the FTIR spectra for the PCL/IBP tubes 
prepared using different screw speeds and processing 
temperatures (a-d), pure PCL (e) and pure ibuprofen (f). The 
polycaprolactone matrix of the PCL/IBP tubes shows peaks at 
2949, 2863, 1727, 1293, 1170, 1157 and 717 cm-1 related to 
CH2 asymmetric stretching, CH2 symmetric stretching, C=O 
carbonyl stretching, C-O stretching in the crystalline phase, 
asymmetric C-O-C stretching, C-O stretching in the 
amorphous phase and CH2 rocking, respectively [24]. The 
same peaks can be identified in the pure PCL spectrum 
(Figure 5e). The intense band at 2955 cm−1 in the FTIR 
spectra for ibuprofen (Figure 5f) is assigned to CH3 
asymmetric stretching. Peaks of very high intensity at 1721 
cm−1 and 1231 cm−1 are due to C=O stretching, C-O 
stretching, respectively. A band of strong intensity observed 
at 778 cm−1 is related to CH2 rocking vibrations [25]. This 
ibuprofen CH2 rocking band was also observed for the 
PCL/IBP tubes, confirming the drug content (Figure 5a-d). 
 
Fig. 5. FTIR-ATR spectra for PCL/IBP tubes prepared using processing 
conditions of 17rpm/120 ºC (a), 23rpm/120 ºC (b), 17rpm/140 ºC (c), 
23rpm/140 ºC (d), pure PCL (e) and pure ibuprofen (f). 
 
 
The flexural modulus as a function of the processing 
temperature and screw speed used in the production of  
PCL/IBP tubes is shown in Figure 6. The flexural modulus of 
PCL/IBP tubes increased with higher values used for the 
processing temperature and screw speed, probably due to 
better drug dispersion at higher temperatures and shears. 
 
Fig. 6. Flexural modulus values for PCL/IBP tubes versus temperature and 
screw speed. 
Figure 7 reports the results for the fatigue tests showing 
the fatigue behavior (number of cycles to failure) for PCL/IBP 
tubes as a function of the processing temperature and screw 
speed. The processing temperature had a strong influence on 
the fatigue failure. The PCL/IBP tubes produced at higher 
temperatures showed a fast decrease in the stiffness and 
failure due to plastic deformation caused by creep, which is 
probably the result of an unstable ibuprofen and PCL chain 
arrangement. 
Fig. 7. Fatigue failure resistance versus temperature and screw speed for 
PCL/IBP tubes. 
Figure 8 shows the curves for the storage modulus (E') as a 
function of temperature for the PCL/IBP tubes prepared using 
different processing conditions. The storage modulus for the 
PCL/IBP tubes decreased with the DMA test temperature, 
particularly at temperatures close to -50 oC, which relates to 
the PCL glass transition temperature. The tubes prepared 
using higher screw speeds had higher storage modulus values, 
indicating that the shear rate affects the mechanical properties 
of the PCL/IBP tubes, as observed in other drug delivery 
extrudate matrices [26, 27]. 
 
 
Fig. 8. Storage modulus (E') as a function of temperature for PCL/IBP tubes 
produced using different processing conditions: 17rpm/120ºC (a), 
23rpm/120ºC (b), 17rpm/140ºC (c) and 23rpm/140ºC (d). 
 
 
The measurement of the maximum value for the loss 
tangent as a function of temperature (Figure 9) allowed the 
glass transition temperature (Tg) to be determined for the 
PCL/IBP tubes prepared using different processing 
conditions. The PCL/IBP tubes had lower Tg values 
compared with the pure PCL tubes (Table 3). Tubes prepared 
using 23 rpm and 140 °C as the screw speed and processing 
temperature, respectively, had the lowest glass transition 
temperature, suggesting a greater dispersion of ibuprofen in 
the PCL matrix applying these processing conditions. 







Fig. 9. Values for loss tangent (tan δ) as a function of temperature for 
PCL/IBP tubes prepared using different processing temperatures and screw 
speeds: 17rpm/120ºC (a), 23rpm/120ºC (b), 17rpm/140ºC (c) and 
23rpm/140ºC (d). 
Table 3: Tg values for pure PCL and PCL/ibuprofen tubes obtained from the 
maximum loss tangent in DMA. 
Sample Tg (ºC) 
Pure PCL   -40 
PCL/IBP 17rpm/120ºC  -44 
PCL/IBP 23rpm/120ºC  -42 
PCL/IBP 17rpm/140ºC -43 
PCL/IBP 23rpm/140ºC -48 
 
 
The drug release curves for PCL/IBP tubes prepared 
applying different processing conditions are shown in Figure 
10. The tubes produced using lower processing temperatures 
(Figure 10a-b) showed a fast ibuprofen release during the first 
few days, but a lower total quantity of ibuprofen was released, 
indicating greater loss of ibuprofen during the tube 
preparation (50 to 55%). The PCL/IBP tubes prepared 
applying 17 rpm and 140 °C as the screw speed and 
processing temperature, respectively, (Figure 10c) provided 
appropriate drug release behavior, with fast drug release in the 
first 5 days followed by controlled release from 5 to 30 days. 
 
 
Fig. 10.  Ibuprofen release as a function of time for tubes prepared applying 
different screw speeds and processing temperatures: 17rpm/120ºC (a), 
23rpm/120ºC (b), 17rpm/140ºC (c) and 23rpm/140ºC (d).  
 
 
The drug release curves for PCL/IBP tubes prepared 
applying different processing conditions are shown in Figure 
10. The tubes produced using lower processing temperatures 
(Figure 10a-b) showed a fast ibuprofen release during the first 
few days, but a lower total quantity of ibuprofen was released, 
indicating greater loss of ibuprofen during the tube 
preparation (50 to 55%). The PCL/IBP tubes prepared 
applying 17 rpm and 140 °C as the screw speed and 
processing temperature, respectively, (Figure 10c) provided 
appropriate drug release behavior, with fast drug release in the 
first 5 days followed by controlled release from 5 to 30 days. 
4. Conclusions 
PCL/IBP tubes were prepared by vertical extrusion with 
average values for the diameter and wall thickness of 1.5 (± 
0.2) mm and 250 (± 50) µm, respectively. The SEM-EDX 
analysis verified the presence of ibuprofen particles on the 
surface of the PCL/IBP tubes. The ibuprofen CH2 rocking 
band at 778 cm-1 was present on the FTIR spectra obtained 
for the PCL/IBP tubes, confirming the drug content. The 
PCL/IBP tubes had lower crystallinity values than pure PCL 
tubes, probably due to the interaction of the drug with the 
polymer chains. The use of higher processing temperatures 
caused a decrease in the crystallinity of the PCL/IBP tubes. 
The flexural modulus of the PCL/IBP tubes increased with 
an increase in the processing temperature and screw speed, 
probably due to better drug dispersion at higher temperatures 
and shears. On the other hand, an increase in the processing 
temperature caused a reduction in the fatigue properties 
(number of cycles to failure) of the PCL/IBP tubes. The tubes 
prepared using higher screw speeds presented higher values 
for the storage modulus in the DMA, indicating that the shear 
rate also affected the mechanical properties. The PCL/IBP 
tubes had lower glass transition temperatures than the pure 
PCL tubes, suggesting interaction between ibuprofen and the 
PCL matrix. 
The tubes prepared using the lowest processing 
temperature (120 °C) showed fast drug release during the first 
few days but a lower total quantity of ibuprofen was released 
(50 to 55% was lost in the preparation). The PCL/IBP tubes 
prepared using a 17 rpm screw speed and processing 
temperature of 17 rpm and 140 °C, respectively, showed fast 
drug release in the first 5 days followed by controlled release 
until day 30, with 75% of the ibuprofen being released. In the 
case of peripheral nerve regeneration, the drug delivery 
profile is of interest in relation to minimizing the 
inflammatory process caused by the insertion of the tube and 
nerve repair trauma. The PCL/IBP tubes prepared by vertical 
extrusion using a screw speed of 17 rpm and processing 
temperature of 140 oC were the most suitable for peripheral 
nerve regeneration, presenting appropriate dimensions and 
mechanical properties and a suitable drug release profile. 
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